Physiological and anatomical responses of wheat to induced dehydration and rehydration
Introduction
The ability to survive periods with low water supply is of great importance to all land plants. Possession of such a trait would be of practical use regarding crop plants and cereals in particular for they are main food resource worldwide. The preservation of plant functions at low plant water potential, and the recovery after water stress are the major physiological processes that contribute to the maintenance of high yield under drought periods [1] . In order to understand the mechanisms that enable plants to survive stress it is appropriate to study the reaction of tolerant species and compare it to other non-tolerant ones [2] . Drought causes various morphological, physiological and biochemical changes in plants. Among its harmful effects is the generation of highly reactive oxygen species (ROS). Some of them, hydrogen peroxide in particular, are also formed as products of normal cellular metabolism but when present at high concentrations may cause serious damage to biological molecules including lipid peroxidation, protein degradation and DNA nicking [3, 4] . Free proline accumulates in many living organisms in response to a wide range of stresses such as water shortage, salinity, extreme temperatures, and high light intensity [5] . It participates in the complex cellular process of osmotic adjustment and is generally recognized as a stress marker [6] . The aptitude of some species to accumulate proline in high concentrations is often viewed as an adaptive trait towards dehydration [7, 8] . The aim of the present work was to evaluate the reaction of two widespread Bulgarian wheat cultivars (Katya and Prelom) to severe osmotic stress induced by PEG 8000. Their ability to recover after subsequent rehydration was also tested based on the measurement of several commonly used physiological parameters and analysis of morphoanatomical changes in leaf structure.
Experimental Procedures
Two Bulgarian wheat (Triticum aestivum L.) cultivars, Katya and Prelom, were used. Katya is considered the most tolerant Bulgarian cultivar on the basis of yield potential under drought conditions. Seeds were germinated at 22°C in the dark on moistened filter paper. Three-day-old seedlings were transferred to Knop nutrient solution (3.0 mM Ca(NO 3 ) 2 , 1.5 mM KH 2 PO 4 , 2.0 mM KNO 3 , 0.8 mM MgSO 4 , 1.3 mM KCl, and 90 mM Fe-EDTA) and grown in a climatic chamber with 12 h photoperiod at 22/18°С, 100 μmol m −2 s −1 light intensity and 70% relative humidity. Osmotic stress was imposed on 7-day-old seedlings by transferring them to 30% polyethylene glycol (PEG 8000, Fluka) dissolved in Knop for 48 h. The osmotic potential of PEG solutions (-1.9 MPa) was estimated according to Mexal et al. [9] . Plants grown for 10 days on Knopp nutrient solution served as control. After 48 h of dehydration on PEG, stressed plants were returned to nutrient solution for 24 h rehydration. Accumulation of free proline, malondialdehyde (MDA) and hydrogen peroxide were determined in leaves. Proline content was estimated according to the acid ninhydrin method of Bates et al. [10] . Fresh leaf material (0.2 g) was ground in 4 ml distilled water and test tubes were incubated in a boiling water bath for 30 min. After cooling and centrifugation, 1 ml of the supernatant reacted with 2 ml freshly prepared ninhydrin reagent (0.5 g ninhydrin in 50 ml of 60% acetic acid). The color reaction developed after incubation of the samples for 1 h in a boiling water bath. After cooling on ice a toluene extraction was performed. Absorbance was measured spectrophotometrically at 520 nm and proline concentration was estimated from a standard curve. MDA content was determined according to the method of Cakmak and Horst [11] . Leaves were homogenized in 0.1% trichloroacetic acid and extract was clarified by centrifugation (5000xg for 20 min at 4°C). A 0.5 ml aliquot of supernatant reacted with 1.5 ml 0.5% (w/v) thiobarbituric acid in 20% (w/v) trichloroacetic acid (TCA). The mixture was kept in a boiling water bath for 30 min and then quickly cooled on ice. Absorbance was measured spectrophotometrically at 532 nm and corrected for non-specific absorption at 600 nm. MDA content was calculated using a molar extinction coefficient of 155 mM −1 cm −1 and expressed as μmol g -1 dry weight (DW). Hydrogen peroxide content was measured according to Alexieva et al. [12] . The mixture contained 0.5 ml leaf extract in 0.5% trichloroacetic acid, 0.5 ml 100 mM K-phosphate buffer (pH 7.4) and 2 ml reagent (500 mM KI w/v in distilled water). The reaction was developed for 1 h in darkness and absorbance was measured at 390 nm. The amount of hydrogen peroxide was calculated from a standard curve. Relative water content (RWC) was estimated according to Turner [13] and was evaluated from the equation: RWC = [(FW -DW)/(TW -DW)]x100 where FW is the fresh weight of the leaves, TW is the weight at full turgor, measured after floating the leaves for 24 h in water in the light at room temperature and DW is the weight estimated after drying the leaves for 4 h at 80°C or until a constant weight is achieved.
Samples for light microscopy were taken from the central area of the leaf blade, avoiding the main vein. Leaf pieces were fixed in 3% glutaraldehyde in 0.2 M phosphate buffer (pH 7.2) and embedded in low viscosity Spurr's epoxy-resin. Semi-thin cross-sections cut on an ultramicrotome Tesla BS 490 (Czech Republic) were stained with 0.01% (w/v) toluidine blue and observed under a light microscope (Carl Zeiss, Jena, Germany). Microscopic images were captured and saved on a digital image processor (International Micro-Vision Inc., Redwood City, CA, USA). Leaf thickness and total area of palisade cells between veins were evaluated in cross sections, obtained from six leaves per variant from two independent experiments. Measurements were made with 3D Doctor Software (Able Software Corp., Lexington, MA, USA).
Statistical analysis
Three independent experiments were performed in 2011 and all parameters were measured in at least three replications. Results are presented as mean ± standard error (SE). One-way ANOVA was followed by Dunnett post t-test.
Results and Discussion
Osmotic stress with 30% PEG 8000 (-1.9 MPa) imposed for 48 h caused gradual water loss from the leaves of the two studied wheat cultivars and resulted in approximately 50% reduction in RWC of treated samples in comparison with untreated controls ( Figure 1A ). Leaf dehydration was accompanied with significant accumulation of free proline in both cultivars ( Figure 1D ). In cv. Katya proline levels showed a 13-fold increase while in cv.
Prelom it was 7.6 times the respective control. Upon rehydration, proline concentrations reduced in both cultivars but more markedly in cv. Katya ( Figure 1D ). Proline overproduction is supposed to be involved in the processes of osmotic adjustment, protection of membrane integrity, and stabilization of enzymes or other proteins [5] . It has protective effect especially upon alleviation from stress and often tolerant species accumulate greater amounts of this imino acid [5, 8] . However, data on the role of proline accumulation in conferring tolerance to drought stress appear highly controversial. Recently researchers [2] have measured higher proline concentrations in drought sensitive wheat genotypes. While other [6] [7] [8] disputed that higher proline concentrations improve plant stress tolerance and our measurements seem to support this view. The results presented here are also in agreement with the concept of Izanloo et al. [1] who reasoned that the ability to maintain plant functions at low water potentials and especially upon recovery is among the physiological features that contribute most to high yield preservation under drought.
In wheat cv. Katya higher leaf proline concentration was accompanied by lower MDA production than in cv. Prelom after 48 h of PEG stress ( Figure 1C) . Hydrogen peroxide concentration also showed an inverse relationship with leaf proline concentration ( Figure 1B) .
Resistance to dehydration can result from neutralization of oxidative stress action and repair of membrane functions rather than counteraction of harmful effects of water stress [1, 14] . Our results demonstrated that after returning for 24 h on nutrient solution, rehydration was more evident in leaves of cv. Katya ( Figure 1A ). Relative water content in Katya leaves after 24 h of rehydration increased to 70% while in Prelom this parameter dropped to as low as 19%. Prelom continued Prelom) subjected to 48 h of PEG stress and subsequent rehydration. Data are presented as means ± SE (n=9). Asterisks indicate significant differences at *P<0.05, **P<0.01, and ***P<0.001, respectively, between control and treatments.
to lose water even after stress alleviation and this was accompanied with maintenance of high MDA and peroxide concentrations ( Figure 1B,C) .
Morpho-anatomical changes in Katya and Prelom leaf structure occurred under both stress and rehydration (Figure 2 ). Control plants from the two wheat cultivars showed similar structure and normal turgidity of mesophyll cells. Greater leaf thickness was evidenced in cv. Prelom (Figure 3) . After 48 h of stress, cells of both genotypes lost water which was accompanied with 50% reduction of leaf thickness mainly due to reduction in turgidity of mesophyll cells. Upon rehydration Katya leaf mesophyll cells recovered their turgidity and leaf thickness returned to control values ( Figure 3 ). Leaf cells of rehydrated Prelom plants did not regain turgidity and leaf thickness remained even smaller than in dehydrated tissues.
Greater sensitivity of Prelom plants to water stress might be due to less effective cellular antioxidant defense system and inferior detoxification of reactive oxygen species [14] . Alternatively, lower efficiency of the photosynthetic apparatus may contribute to lower tolerance of water stress in plants [3, 15, 16] . Plants from cv. Katya have shown a better control over mitochondrial respiration [17] , better regulation of Rubisco activity under water stress conditions [18] , and a more effective antioxidant defense system [19] . Fast recovery after stress might be part of an adaptive mechanism in drought tolerant cv. Katya which was evidenced under drought conditions in the field [18] as well as in laboratory experiments [17, 19] . Perhaps cell antioxidant defense system in Prelom was weaker and rendered insufficient recovery. This was associated with inability to recover cell water status and turgidity which made Prelom plants more sensitive to dehydration in comparison with Katya. Under a similar degree of dehydration, Katya showed better endurance and potential towards recovery. This was assessed by the lower extent of lipid degradation and less peroxidation products (such as MDA) and was associated with higher free proline accumulation in the leaves of this cultivar. 
Conclusions
The model system for inducing osmotic stress with PEG 8000 in laboratory conditions gave adequate results for comparing the reaction of two contrasting wheat cultivars to dehydration. Although both genotypes were dehydrated to a similar degree as estimated by leaf RWC, the drought tolerant cultivar Katya displayed lower level of oxidative stress. The ability to recuperate from dehydration was more pronounced in Katya with a clear tendency towards restoring studied parameters to control values. We suppose that tolerance was expressed as a better ability to recover from stress and a more efficient antioxidant defense system in the drought resistant cultivar.
